Gram-stain-negative strains V5/3M
The legume species Vicia alpestris belongs to the tribe Fabeae (family Fabaceae Endl.). The distribution area of V. alpestris is limited to Caucasus Mountains region: Armenia, Azerbaijan, Turkey, Georgia and Russian Federation [1] . This plant genus is commonly nodulated by Rhizobium leguminosarum bv. viciae strains. However, since V. alpestris plants grow in hard-to-reach habitats at altitudes of 2700-3300 m their microsymbionts were not studied until now. In 2013, the first 29 strains were isolated from root nodules of V. alpestris plants collected in North Ossetia (the North Caucasus, Russia). Partial 16S rRNA gene sequencing showed that 20 isolates belonged to the species Rhizobium leguminosarum, two isolates were closely related to Bosea lathyri, two isolates to Phyllobacterium trifolii and one isolate to Tardiphaga robiniae (data not published). Four isolates (V5/3M
T , V5/5K, V5/5M and V5/13) were
Microvirga-related and selected for the further research. The aim of this study was to demonstrate the distinct taxonomic position of these isolates by the partial 16S rRNA gene, dnaK, recA, gyrB and rpoB sequencing, as well as by the study of morphological and physiological features of the novel isolates, comparative whole-cell fatty acid analysis and DNA-DNA hybridization tests. Nodulation ability of the isolates from V. alpestris and phytohormone production were also estimated.
The genus Microvirga was first described in 2003 [2] and subsequently its description has been emended three times [3] [4] [5] .
At the time of writing, the genus Microvirga comprises nine species with validly published names. One of them (Microvirga guangxiensis) was isolated from a soil sample [3] , two species (M. aerophila and M. aerilata) from air [4] , and two other species, M. subterranea [2] and M. flocculans, which was previously described as Balneomonas flocculans [6] , were isolated from hot water samples. Four species of the genus Microvirga were described as nitrogen-fixing microsymbionts of legumes: M. lupini, M. lotononidis, M. zambiensis [5] and M. vignae [7] . In 2016, four novel species were proposed for two strains isolated from sandy arid soil in Saudi Arabia ('M. makkahensis' and 'M. arabica'), one strain from desert soil of Pakistan ('M. pakistanensis') and one strain from a stool sample (M. massiliensis) [8] [9] [10] .
Strains V5/3M T , V5/5K, V5/5M and V5/13 were isolated from nodules of V. alpestris plants of the same population growing in North Ossetia region by a standard method [11] . Nodules were surface-sterilized in 96 % ethanol for 1 min, rinsed, individually crushed in 100 µl sterile water and uniformly grown at 28 C on yeast extract mannitol agar (YMA; [12] ) supplemented with 0.5 % succinate (YMSA; [13] ). The isolates formed visible colonies after incubation for 4, 5 days. Colonies were transparent, smooth, flat and round with entire margins less than 1 mm in diameter. All isolates are deposited in the Russian Collection of Agricultural Microorganisms (RCAM) and stored at À80 C in the automated Tube Store (Liconic Instruments, Lichtenstein) [14] . Information about these strains is available in the online database of RCAM (www.arriam.spb.ru). Cell morphology and motility of overnight YMS broth cultures were observed using a binocular microscope Axiostar plus (Zeiss). Cells were rod-shaped, single or dual, approximately 0.6-1.0Â1.0-1.7 µm and non-motile.
The following PCR primers were used for a phylogenetic analysis on the base of an approximately 1400 bp segment of the 16S rRNA gene: fD1 (5¢-AGAGTTTGATCCTGGCT-CAG À3¢) and rD1 (5¢-CTTAAGGAGGTGATCCAGCC À3¢) [15] . PCR was performed in 25 µl reaction mixtures containing 150 µM dNTPs (Promega), 5 pmol of each primer, 1 U Taq polymerase (Helicon) and 50-100 ng purified template DNA. PCR conditions for 16S rRNA gene amplification were as follows: initial denaturation at 95 C for 3 min 30 s; 35 cycles of denaturation at 94 C for 1 min 10 s, annealing at 56 C for 40 s and extension at 72 C for 2 min 10 s; final extension at 72 C for 6 min 10 s. Electrophoresis was carried out with 1 % agarose gel (Invitrogen) in TAE. A 100 bp GeneRuler and Lambda DNA/HindIII markers (Fermentas) were used for sizing and approximate quantification of DNA fragments. Purification of the PCR products was usually performed by using PureLink Quick kit (Invitrogen) according to the manufacturer's guidance. The direct sequencing of PCR products was performed by an ABI PRISM 3500xl genetic analyzer (Applied Biosystems) in the Core Centrum 'Genomic Technologies, Proteomics and Cell Biology', ARRIAM. The sequences were compared with related sequences of the type strains available in the GenBank database using T analysis (Basic local alignment search tool) at NCBI (www.ncbi.nlm.nih.gov). Phylogenetic trees were reconstructed using the neighbourjoining method in the MEGA 5.0 software package [16] . The evolutionary distances were computed using the maximum composite likelihood method. Bootstrap analysis with 1000 replicates was performed to estimate the support of clusters. The 16S rRNA gene sequencing showed (Fig. 1 ) that four isolates from V. alpestris formed the single cluster with 98 % bootstrap support and were closest to the type strain Microvirga zambiensis WSM3693 T , which was isolated from a nitrogen-fixing root nodule of Listia angolensis plant collected in Zambia [5] . 16S rRNA gene sequence similarity levels between isolates and M. zambiensis WSM3693 T were 98.5-98.7 % (Table S1 , available in the online Supplementary Material).
The primers for amplification of the dnaK, gyrB, recA and rpoB housekeeping genes are presented in the Table S2 . PCR conditions, sequencing and phylogenetic analysis of these genes were performed as described for the 16S rRNA gene with the exception of annealing at 55 C for amplification of recA and rpoB genes. Sequences of the related type strains available in the GenBank databases were used. Sequences of each housekeeping gene were trimmed to the same length (700 nt for the dnaK, gyrB and rpoB genes and 500 nt for the recA gene). The resulting phylogenetic tree based on the concatenated dnaK, gyrB, recA and rpoB sequences was reconstructed using the neighbour-joining method in the MEGA 5.0 software package. Bootstrap analysis with 1000 replicates was performed to estimate the support of clusters. Analyses of dnaK, gyrB, recA, and rpoB housekeeping genes sequences revealed a monophyletic Microvirga branch. The strains V5/3M
T , V5/5K, V5/5M and V5/13 clustered together at 98-99 % bootstrap support in all phylogenetic trees (Figs S1-S4). In rpoB and gyrB trees the type strain M. zambiensis WSM3693 T was grouped with isolates from V. alpestris at 93 and 100 % bootstrap support, respectively, whereas in the recA tree all these strains were intermingled. In the dnaK tree, the closest strain to the novel isolates was the type strain M. lupini Lut6 T , however the level of bootstrap support for their clustering was very low (less than 30 %). The sequence similarity between different isolates and M. zambiensis WSM3693 T ranged from 95.2 to 95.8 % for the dnaK gene, from 94.7 to 95.4 % for the gyrB gene, from 79.7 to 88.7 % for the recA gene, from 93.2 to 94.1 % for the rpoB gene ( Table 1 ). The phylogenetic tree based on the concatenated sequences of the four housekeeping genes showed that the isolates V5/3M
T , V5/5K, V5/5M and V5/13 and the type strain M. zambiensis WSM3693 T grouped together (Fig. 2) . Within this branch all isolates from V. alpestris formed a separate cluster with 100 % bootstrap value and M. zambiensis WSM3693 T was the most peripheral strain.
Whole-cell fatty acid composition was analysed for the isolates V5/3M
T , V5/5K, V5/5M and V5/13 and the type strains of other species of the genus Microvirga. Strains were grown on LMG medium 115 at 28 C. Fatty acid methyl esters were extracted according to the MIDI protocol (www. microbialid.com/PDF/TechNote_101.pdf). However, the incubation time (72 h) was changed as compared to the MIDI protocol. All other characteristics such as temperature and physiological age (overlap area of the second and third quadrant from a quadrant streak) were maintained as in the MIDI protocol. The profiles were generated using an Agilent Technologies 6890N gas chromatograph, identified and clustered using the Microbial Identification System software and MIDI TSBA database version 5.0. Fatty acid profiles are listed in Table 1 . The most abundant fatty acid was C 18 : 1 !7c (54.0-67.2 %) which supports placement in the Alphaproteobacteria and in the genus Microvirga [5] . Isolates V5/ 3M
T , V5/5K, V5/5M and V5/13 had important amounts of C 16 : 0 (6.0-7.8 %), C 19 : 0 cyclo !8c (3.1-10.2 %), summed feature 2 (5.8-22.5 %) and summed feature 3 (2.9-4.0 %). Comparative analysis of the fatty acid profiles between isolates from V. alpestris and the reference type strains was difficult due to the high level of divergence among isolates. However, M. zambiensis WSM3693
T had significantly less C 18 : 1 !7c (35.7 %) and more summed feature 2 (47.6 %) compared with strains V5/3M T , V5/5K, V5/5M and V5/13.
Large-scale study of phenotypic properties of the Microvirga isolates was performed. Comparative analysis between the isolates and the closest type strain M. zambiensis WSM3693 T was performed under identical conditions. Urease activity of the strains as well as their nitrate reduction ability was studied using the ready-to-use kits (NICF Company, Russia) according to the manufacturer's instructions. The catalase test was carried out using 10 % H 2 O 2 solution. Salt tolerance was determined in the plate experiment using YMSA medium supplemented with 1, 2 or 4 % (w/v) NaCl. Carbon source utilization was examined as recommended by Ardley et al. [5] . Tests were performed in YM broth without mannitol and with NH 4 Cl (10 mM) replacing yeast extract as a nitrogen source. Strains were examined for T demonstrated a specific phenotypic profile, wherein the capability to grow with 4 % (w/v) NaCl was unique. Compared with the isolate V5/3M T , the closest type strain M. zambiensis WSM3693 T did not possess urease and catalase activities and the ability to assimilate D-sorbitol, but metabolized dextrin, mannitol and glycerol (Table 2) . Additional phenotypic properties of the Microvirga isolates were studied using microassay system GENIII MicroPlate (BioLog) which analyses the ability of bacteria to metabolize all major classes of biochemicals (71 carbon sources and 23 chemical sensitivity assays). The analysis was performed according to the manufacturer's recommendations except for a longer period of incubation, because of the slow growth of the isolates Although most species of the genus Microvirga were described for isolates from soil, air and water samples, strains of several species were isolated from root nodules and can form effective symbiosis with the host plants: strains of M. zambiensis and M. lotononidis with Listia angolensis [5] , and strains of M. lupini and M. vignae with Lupinus texensis [5] and Vigna unguiculata [7] , respectively. The ability of the isolates V5/3M T , V5/5K, V5/5M and V5/13 to form symbiosis with the host plant Vicia alpestris and the species Vavilovia formosa (Stev.) Fed., which is another member of the tribe Fabeae and has the same distribution area, was studied in the sterile test-tube experiments as described previously [11] . The strains Rhizobium leguminosarum bv. viciae RCAM02740 and RCAM01605 isolated from root nodules of Vicia alpestris and Vavilovia formosa plants, respectively, were used as a positive control. Seeds were surface-sterilized in 98 % sulphuric acid for 10 min, rinsed thoroughly and germinated in darkness on Petri dishes. The treated seeds were tested for sterility via incubation on YMSA medium for 5 days at 28 C. Two seedlings of each plant species were placed into a sterile tube (20 mm Â 200 mm) containing 10 ml nitrogen-free mineral salt agar slants. T to synthesize indole-3-lactic acid (ILA), indole-3-carboxylic acid (ICA) and indole-3-acetic acid (IAA) was studied in batch cultures with modified salt minimal plus nitrogen (MSMN) medium (supplemented with or without 500 mg l À1 tryptophan) and Bacto-Pseudomonas F (BPF) medium [17] . The bacterial supernatant was analysed for auxin using the UPLC system Waters ACQUITY H-Class (WatersA) as previously described [18] . None of the isolates were capable of forming nodules or swellings on the roots of Vicia alpestris and Vavilovia formosa plants. However the analysis of phytohormone production showed that the isolate V5/3M
T was characterized by active production of indole-3-carboxylic acid in the BPF medium (641.6 ng ml À1 ) although it did not produce indole-3-acetic or indole-3-lactic acids.
DNA-DNA hybridizations were performed at 50.0 C with photobiotin-labelled probes in microplate wells as described previously [19] , using an HTS7000 Bio Assay Reader (PE Applied Biosystems) for fluorescence measurements. DNA-DNA relatedness among isolates from V. alpestris was from 69.2 to 84.6 %, confirming that the strains belonged to the same group. DNA-DNA hybridization between the isolate V5/3M
T and M. zambiensis WSM3693 T , which represents the most closely related species, revealed DNA-DNA relatedness of 35.3 %.
The genome of strain V5/3M
T was sequenced with the PacBio RS II platform in Arizona Genomics Institute (AGI), University of Arizona. Whole-genome sequences were assembled de novo with RS_HGAP Assembly.3 algorithm. Annotation of the genome was created with NCBI prokaryotic genome annotation pipeline (PGAP) [20] by NCBI staff during the deposition of the genome into the NCBI database. Symbiotic genes were searched with CLC Genomics Workbench 7.5.1. Contigs were aligned with BLAST against the set of symbiotic genes from various rhizobia, extracted from the GenBank database. The genome size of the isolate V5/3M T was 9.6 Mbp, comprising a chromosome of 5.8 Mbp and five plasmids ranging from 161 to 1343 Kbp. The DNA G+C content was determined to be 61.8 mol% and 8755 protein-coding sequences were found. The common nodABC genes required for legume nodulation are absent in the isolate V5/3M T , however some other symbiotic genes having chromosomal localization (nodG, nodM, nifU, fixAB, fixJL, fixR) were detected. Levels of similarity between the symbiotic genes found and sequences present in the GenBank database were less than 80 %. Average nucleotide identities (ANI) between the whole-genome sequence of the isolate V5/3M
T and genome sequences of type strains of species of the genus Microvirga available in the GenBank database (M. lotononidis WSM3557 T , M. lupini Lut6 T , M. flocculans ATCC BAA-817 T , M. vignae BR3299 T , M. massiliensis JC119 T ) were determined by the online calculator (http://enve-omics.ce.gatech.edu/ani/ index) [21] . ANI values were calculated using a window size of 1000 bp, step size of 200 bp, alignment length of 700 bp and 70 % identity [22] , and ranged from 78.84 % for M. massiliensis JC119
T to 85.02 % for M. lupini Lut6 T .
Thus, the analyses of 16S rRNA, dnaK, gyrB, recA and rpoB gene sequences indicate that the strains V5/3M T , V5/5K, V5/5M and V5/13 isolated from root nodules of the legume Vicia alpestris growing in North Ossetia form a single group in the genus Microvirga, clearly distinct from the most closely related species Microvirga zambiensis. DNA-DNA hybridization of the representative isolate V5/3M
T with the type strain M. zambiensis WSM3693 T (35.3 %), as well as differences between these strains in morphological and physiological features, whole-cell fatty acid composition and symbiotic properties confirm that the isolates represent a separate novel species, for which the name Microvirga ossetica sp. nov. is proposed.
DESCRIPTION OF MICROVIRGA OSSETICA SP. NOV.
Microvirga ossetica (os.se¢ti.ca. N.L. fem. adj. ossetica Ossetian, referring to North Ossetia region in the Caucasus, the place where this species was first isolated).
Cells are rod-shaped, single or dual and non-motile (approx. 0.6-1.0Â1.0-1.7 µm). Gram-stain-negative and urease-and catalase-positive. The test for nitrate reduction 
